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I. INTRODUCTION
V BLAST (Vertical Bell Lab's layered Space Time) architecture [1] can be combined with OFDM to achieve high data rate transmission in frequency selective fading channels. The VBLAST OFDM system with transmit antennas, receive antennas, and subcarriers can be formulated as 
where is a diagonal matrix corresponding to the single input single output frequency response of all the subcarriers between transmit antenna and receive antenna .
is the frequency-domain OFDM symbol transmitted at antenna and is the additive white aussian noise (AWGN) noise vector at receive antenna . Examining (1), we can see that on each subcarrier we have effectively an narrow band VBLAST system. Therefore, detection of VBLAST OFDM system can be carried out using standard VBLAST detection algorithm on each subcarrier individually.
The conventional VBLAST detection employs an ordered serial zero-forcing nulling plus cancellation technique. The optimal detection order is determined to maximize the minimum post-detection signal-to-noise ratio (SNR) of all data streams. This algorithm is computation intensive as a number of pseudo inverse operations need to be performed. The most numerically stable way to compute the pseudo inverse is to use the singular value decomposition (SVD). An alternative way is to use the QR decomposition, which involves less computation. However, it is less numerically stable since one is required to invert the upper triangular of the QR factorization to obtain the pseudo inverse. Therefore, in this letter we adopt the SVD approach for all pseudo-inverse calculations.
To reduce the complexity of VBLAST detection, a QR decomposition technique was proposed in [2] 1 , and it achieves the same performance as conventional VBLAST detection so long as the optimal detection order is known. However, determining the optimal detection order for VBLAST OFDM systems requires taking pseudo-inverse times on each subcarrier, which incurs large computation load. Another QR related square-root detection algorithm was introduced in [3] for minimum mean square error (MMSE) nulling technique. As the MMSE technique requires extra complexity to estimate the variance of the noise, we therefore, focus our study in this letter on the zero-forcing approach.
In this letter, we propose a new low complexity detection algorithm for VBLAST OFDM system, making use of the correlation between different subcarriers. In this algorithm, the subcarriers are partitioned into a number of groups such that the correlation among subcarriers within each group is above a threshold value referred as threshold correlation (TC). For each group, conventional VBLAST detection is first performed on the center subcarrier and the detection order is recorded. Following the recorded order, the other subcarriers in the same group are detected using QR decomposition technique as in [2] . We show that this algorithm reduces the complexity of VBLAST OFDM detection significantly. Moreover, the performance degradation of the proposed algorithm is small.
II. LOW COMPLEXITY VBLAST OFDM DETECTION ALGORITHM
For VBLAST OFDM system, the channels between different transmit and receive antennas are statistically the same 2 . Therefore, we only need to study one channel and the same properties apply to all the other channels. The impulse response of the multipath channel can be written as , where is the channel order. The frequency response of the channel for a subcarrier OFDM system is given by (2) where the th element of . The correlation coefficient of subcarriers and can be written as (3) where denotes the th column of and denotes statistical expectation and superscript denotes Hermitian. Due to the symmetrical properties of the DFT matrix, the correlation coefficient depends only on the absolute values of . Fig. 1 shows the correlation coefficients among neighboring subcarriers for non-line-of-sight (NLOS) HiperLAN/2 channel models A, B, C, and E given in [4] . The power delay profiles of the channels are exponential, with root mean square (rms) delay spread ranging from 50 (channel A) to 250 ns (channel E). The maximum delay spread for all the channels is 800 ns, which corresponds to 16 channel taps for a 20-MHz bandwidth sample spaced channel. Here, We use a 64-subcarrier OFDM system with 16-tap cyclic prefix. From Fig. 1 , we can see that the correlation is high among neighboring subcarriers for all the channels. This implies that the channel changes only slightly within a number of subcarriers. Hence, it is reasonable to assume the optimal detection order does not change within a group of subcarriers, among which the correlation is above TC. Once TC is set, from Fig. 1 , we can determine the size of the group, in which the same detection order is used. Denoting the group size as , we propose the following low complexity detection algorithms for VBLAST OFDM system: 1) Pre-determine the value of TC, and hence the group size for the channel of interest, based on the statistical knowledge of the channel correlation; 2) Partition the subcarriers into groups of size ; 3) Perform conventional VBLAST detection on the center subcarrier within a group and record the optimal detection order ; 4) Perform detection on subcarriers in the same group using QR decomposition technique according to detection order ; 5) Repeat steps 3-4 until all the groups are detected.
Since QR decomposition technique requires much less complexity compared to conventional VBLAST detection [2] , large reduction in complexity can be achieved using the proposed algorithm.
The optimal detection order might change within the group, which causes degradation in performance of the proposed algorithm. Hence, there is a tradeoff on the choice of TC. The larger the value of TC, the less probable that the optimal detection order will change within the group and hence less performance degradation. However, larger TC results in smaller group size , thus, less reduction in complexity. We will study the BER performance for different TC values in Section IV.
III. COMPUTATION COMPLEXITY COMPARISON
In this section, we compare the amount of arithmetic operations needed to determine the nulling vectors and detection order for the conventional detection and the proposed low complexity algorithm for an VBLAST OFDM system. We list the complexity reduction in different complex arithmetic operations. The reduction in total amount of floating point operations (flops) is also given. As we are dealing with complex numbers here, addition is counted as 2 flops, multiplication and division are counted as 6 flops each and square root is counted as 10 flops. We also show some numerical results on the reduction in complexity for two specific VBLAST OFDM systems with 4 4 and 6 4 antenna configurations. We use Modified Gram-Schmidt method [5] to compute QR decomposition. We adopt SUD-based approach to compute the pseudo inverse of channel matrix on each subcarrier.
We denote the total operation counts for conventional VBLAST detection on one subcarrier as . We also define the operation counts by using QR decomposition technique on one subcarrier as . The total number of operations required for conventional VBLAST OFDM detection for a group of subcarriers is equal to . By using the low complexity algorithm we proposed, the total number of operation counts is equal to . Based on this calculation, we listed, in Table I , the complexity reduction using the proposed method compared to conventional VBLAST OFDM detection to determine all the nulling vectors and detection orders for a group of subcarriers. We use channel A as an example. Setting results in group size of and results in . From Table I , we can see that the complexity can be reduced by about 80% for all the cases for channel A. The reduction becomes smaller for less correlated channels. However, according to our calculation, even for the least correlated channel E with , we can still achieve complexity reduction of 47.10% for 4 4 systems and 46.59% for 6 4 systems.
Recently, a number of MIMO channel models were proposed in IEEE 802.11n documents [6] . The correlation in frequency for the proposed MIMO channels is higher compared to the channel A to E we studied above, due to smaller rms delay spread. Therefore, for those channel, the proposed detection scheme is able to achieve larger reduction in complexity. The IEEE 802.11n channels also incorporate spatial correlation between antennas. However, the correlation in frequency for each antenna pair is similar to the spatially uncorrelated channel models. Therefore, the proposed algorithm, which utilizes the correlation in frequency, can be applied for spatially correlated channels with minor modifications.
IV. SIMULATION RESULTS
Simulations are carried out to study the BER of the proposed algorithm. The transmit power is evenly distributed on each transmit antenna with total power equal to 1. We assume the channels between different antennas are uncorrelated. To estimate the channel, we send orthogonal preambles from transmit antennas before the transmission of real data. The channels are estimated using the least squares criterion. The error control coding used in the simulation is a half-rate convolutional code with constraint length of 7 and generator polynomials and . As in [1] , coding is applied to each MIMO transmit branch independently. Interleaver design follows IEEE 802.11a standard. We use hard decision Viterbi algorithm to decode the received data. From the simulations using different channel models, we observed the performance degradation depends only on the value of TC, not on the channel models used. Therefore, we use channel A in all the simulations in this letter. Fig. 2 shows the BER performance of the conventional VBLAST OFDM detection and the proposed algorithm for a 4 4 and a 6 4 system, respectively. For both cases, the degradation in BER using the proposed method is only marginal compared to the conventional method. At the same time, significant reduction in computation complexity can be achieved as we have shown in the previous section.
In practice, it is not necessary to obtain the explicit values of the correlation at the receiver. We can always use a pessimistic estimate of the group size, i.e., smaller group size, for the chosen TC. Although smaller group size results in less reduction in complexity, it guarantees good performance of the system.
V. CONCLUSION
We present a low complexity VBLAST OFDM detection algorithm, which determines a common detection order for a group of subcarriers by employing conventional VBLAST detection on the center subcarrier in the group. The detection on the other subcarriers is carried out using QR decomposition technique. This algorithm significantly reduces the complexity of the VBLAST OFDM detection with only marginal degradation to the system performance.
